Introduction
============

Protein S (PS) is a naturally occurring anticoagulant. Primarily produced by the liver, PS circulates in the plasma at a concentration of 350 nM and mediates its anticoagulant function by either direct binding to Factor IXa or as a cofactor of activated protein C (APC) and tissue factor pathway inhibitor (TFPI) ([@b1-or-44-04-1322]--[@b3-or-44-04-1322]). PS also has a variety of non-anticoagulant functions ([@b4-or-44-04-1322]). PS binds and activates a family of receptor tyrosine kinases collectively known as TAM (Tryo3, Axl, and Mer) receptors ([@b5-or-44-04-1322],[@b6-or-44-04-1322]). PS-TAM receptor interaction regulates a number of physiological processes, such as cell proliferation, survival, apoptosis, vasculogenesis, and inflammatory cytokine release ([@b7-or-44-04-1322]--[@b10-or-44-04-1322]).

Growth arrest specific 6 (GAS6) protein is another TAM receptor ligand ([@b5-or-44-04-1322]). Heart, lungs, kidneys, endothelial, and muscle cells produce GAS6. Despite the structural homology (\~42%) shared with PS, GAS6 functions only in activating TAM receptors ([@b11-or-44-04-1322]--[@b13-or-44-04-1322]). Both PS and GAS6 bind the different TAM receptors with variable affinities ([@b14-or-44-04-1322]). GAS6 affinity for the TAMs are Axl \> Tyro3 \>\> Mer; PS activates Mer and Tyro3, although its binding with Axl is still debated ([@b12-or-44-04-1322]). Small molecule inhibitors and knockdown of TAM receptors are approaches that have been investigated as therapies to inhibit proliferation of various types of tumors; however, these studies have had limited success in inhibition of proliferation ([@b15-or-44-04-1322]). Paradoxically, although TAM receptor inhibition restricts tumor progression, the downstream TAM signaling necessary for phagocytosis and other antitumor effector functions are also inhibited ([@b15-or-44-04-1322]--[@b17-or-44-04-1322]). Furthermore, because TAM receptors and their ligands are implicated in multiple pathways, therapies that target these receptors must take into account the possibility of adverse responses ([@b14-or-44-04-1322]).

Pancreatic ductal adenocarcinoma (PDAC) is estimated to be the fourth most lethal form of cancer in the United States ([@b18-or-44-04-1322]). The systemic nature of the disease confers poor prognosis, with an overall median survival of 5--8 months and with \<5% of patients surviving more than 5 years ([@b19-or-44-04-1322]). Cancer patients are at an increased risk of venous thromboembolism (VTE), the highest incidence occurring among individuals with pancreatic and brain cancers ([@b20-or-44-04-1322]--[@b22-or-44-04-1322]). Lindahl *et al* reported that, during disease progression, patients with pancreatic cancer exhibited a significant decrease in plasma anticoagulants such as antithrombin, protein C, and free PS ([@b23-or-44-04-1322]). However, the effect of the decrease in free PS on TAM signaling has not been investigated.

In the present study, the ratio of PS and GAS6 was revealed to be associated to a function of the aggressiveness (time of replication) of the two cell lines, PANC-1 and MIA PaCa-2. MIA PaCa-2 is currently used as an *in vitro* model of PDAC carcinogenesis ([@b24-or-44-04-1322]). We then modulated the PS/GAS6 ratio to confirm that the balance between the two proteins determines the cell survival and proliferation rate. GAS6 overexpression enhanced survival and proliferation of PANC-1 and MIA PaCa-2 cells. Conversely, either overexpression of PS or knocking down of GAS6 inhibited cell proliferation and promoted apoptosis. Notably, the degree of inhibition of proliferation by either PS overexpression or GAS6 knockdown was comparable to that achieved with a Mer-specific inhibitory drug. It was concluded that PS functioned as a natural promoter of apoptosis in pancreatic cancer cells. In addition, the present study demonstrated that increased expression of PS could be a strategy for reducing aggressiveness of PDAC without targeting essential TAM receptor signaling pathways.

Materials and methods
=====================

### Cell culture

Human pancreatic cancer cell lines (PANC-1, MIA PaCa-2, and BxPC-3) were obtained from ATCC. PANC-1 cells were grown in high glucose DMEM supplemented with 10% fetal bovine serum (FBS) (Life Technologies; Thermo Fisher Scientific, Inc.) and (1X) antibiotic-antimycotic solution (Life Technologies; Thermo Fisher Scientific, Inc.) at 37°C with 5% CO~2~. MIA PaCa-2 received the same complete medium with supplementation of horse serum (Life Technologies; Thermo Fisher Scientific, Inc.) to a final concentration of 2.5%. BxPC-3 cells were grown in RPMI-1640 medium (Life Technologies; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS and antibiotic-antimycotic solution. These cell lines were selected based on the variations in the cell doubling times which were referred to as the aggressiveness of the cell. MIA PaCa-2 has been revealed to have the shortest doubling time (40 h), PANC-1 a moderate doubling time (52 h) and BxPC-3 the highest doubling time (72 h) ([@b25-or-44-04-1322],[@b26-or-44-04-1322]). BxPC-3 cells were not used in our PS/Gas6 overexpression studies because the cells grow too slowly. We could not use healthy pancreatic duct epithelial cells due to their unavailability. Regarding other non-cancerous control cells, such as H6C7, which are commercially available, since these cell lines are immortalized and their phenotypes are not the same as the primary cells ([@b27-or-44-04-1322],[@b28-or-44-04-1322]) they were not used. Instead, respective empty vectors were used as controls since we overexpressed or knocked down the genes in our experiments.

### Transfection and lentiviral infection

PANC-1 and MIA PaCa-2 cells were separately seeded in 6-well plates at 1.5×10^6^ cells/well and transfected with pcDNA-V5-His containing *Pros1* (protein S) insert, a gift from Dr Rezende ([@b29-or-44-04-1322]). The transfection was performed with 4 µg of plasmid DNA and Lipofectamine 2000 (Life Technologies; Thermo Fisher Scientific, Inc.) as previously described ([@b30-or-44-04-1322]). The cells were subjected to 10 µg/ml Blasticidin (Sigma-Aldrich; Merck KGaA) antibiotic selection to obtain stable expression clones. For GAS6 overexpression and knockdown studies, we obtained from Dr Sonja Loges (University Medical Center Hamburg-Eppendorf, Hamburg, Germany) LeGo-iG2-Puro (GFP-expressing) vector containing the GAS6 insert and LeGO-C-Zeo (mCherry expressing) containing shGAS6 insert, which we verified by sequencing prior to use. The production of lentiviral particles and the lentiviral gene transfer into PANC-1 and MIA PaCa-2 cells were performed as outlined by Weber *et al* ([@b31-or-44-04-1322]). For detailed protocols and vector maps, please refer to <http://www.lentigo-vectors.de>. Generation of virus particles and titration were performed as previously described ([@b32-or-44-04-1322]). The GAS6-overexpressing cells were subsequently sorted by FACS analysis for GFP-positive cells and cultured to generate stable cell lines. The cells with GAS6 knocked down were stably selected with 500 µg/ml Zeocin (Thermo Fisher Scientific, Inc.).

### RT-qPCR assessment of gene expression

Cells were seeded in 6-well plates at a density of 3×10^5^ cells/well. RNA was isolated using RNeasy Plus Mini Kit (Qiagen, Inc.), according to the manufacturer\'s instructions. The RNA concentration was measured via NanoDrop (Thermo Fisher Scientific, Inc.). Two µg of RNA was used to synthesize cDNA. RT-qPCR was performed with qScript^®^ cDNA Supermix (Quanta BioSciences, Inc.), according to the manufacturer\'s instructions. The quantification of the genes of interest was performed with PerfecCTa SYBR Green FastMix (Quanta BioSciences, Inc.) according to the manufacturer\'s instructions. The following primers were used: 5′-TCATGAAGATCCTCACCGAG-3′ (forward) and 5′-TTGCCAATGGTGATGACCTG-3′ (reverse) for β-Actin; 5′-ATCAAGGTCAACAGGGATGC-3′ (forward) and 5′-CTTCTCCGTTCAGCCAGTTC-3′ (reverse) for GAS6; 5′-CCTAGTGCTTCCCGTCTCAG-3′ (forward) and 5′-TTTCCGGGTCATTTTCAAAG-3′ (reverse) for Pros1; 5′-ACACCCCAGAGGTGCTAATG-3′ (forward) and 5′-ACGAGAAGGCAGGAGTTGAA-3′ (reverse) for Axl; 5′-TGCCCTGGGAATGGAGTATC-3′ (forward) and 5′-ATCTTAGCAATGCGGCCTTG-3′ (reverse) for Mertk; 5′-GTGGCTGACTTCGGACTGTC-3′ (forward) and 5′-AGCTGTCATGATCTCCCACA-3′ (reverse) for Tyro3. The qPCR conditions included initial denaturation at 95°C for 5 min, denaturation at 95°C for 15 sec annealing and extension at 60°C for 1 min with 40 cycles. To analyze the expression levels, the average of each sample was used according to its primer and the following calculations were performed to determine the fold change: ΔCq=(PROS1-actin), ΔCq=(GAS6-actin)→ΔΔCq=(ΔCq~sample~-ΔCq~reference~)→Fold Change=2^−ΔΔCq^ ([@b33-or-44-04-1322]).

### Flow cytometry

PANC-1 and MIA PaCa-2 stable cell lines overexpressing control vector (pCDNA6-V5-His) or PS were produced as aforementioned. These stable cell lines were synchronized by serum starvation for 60 h. After synchronization, the cells were washed with PBS and collected by treatment with Accutase (cat. no. AT-104; Innovative Cell Technologies, Inc.) digestion performed at room temperature for 5 min. The Accutase was neutralized by regular growth medium containing 10% FBS. Cells were stained for Annexin-V and 7AAD using BD Biosciences (cat. no. 559763) and analyzed for Annexin-V and 7AAD binding using FACSCalibur. We were unable to perform flow cytometric experiments with the cells that were transfected with Gas-6-knockdown construct since the constructs contained GFP as internal control.

### Protein expression via immunoblotting

PANC-1 and MIA PaCa-2 cells \[empty vector (EV) control\], PS overexpressing, GAS6 overexpressing and knocked down) were separately plated in 6-well plates at a density of 3×10^5^ cells/ml and grown for 48 h. The cells were lysed in RIPA buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM Na~4~P~2~O~7~, 1 mM Na~3~VO~4~), and total lysate protein was assessed by BCA assay (Thermo Fisher Scientific, Inc.). SDS-PAGE (10%) and immunoblotting were performed with 40 µg of protein from each sample. With the exception of sheep PS antibody (dilution 1:1,000; cat. no. PAHPS-S; Haematologic Technologies, LLC), the following primary antibodies used for probing were obtained from Cell Signaling Technology (CST), Inc.: Mouse phospho-p53 antibody (dilution 1:1,000; product no. 9286) and rabbit phospho-HSP27 antibody (dilution 1:1,000; product no. 9709). All blots were normalized with rabbit β-actin antibody (dilution 1:1,000; product no. 4967S). Blots were incubated with primary antibodies at 4°C overnight. After washing, the blots were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody at room temperature for 30 min. The secondary antibodies obtained from Cell Signaling Technology, Inc. were the following: Anti-rabbit IgG, HRP-linked antibody (dilution 1:5,000; product no. 7074) and anti-mouse IgG, HRP-linked antibody (dilution 1:5,000; product no. 7076) was obtained from Cell Signaling Technology, Inc. For PS detection, anti-sheep IgG, HRP-linked secondary antibody (dilution 1:5,000; cat. no. 81--8620) was obtained from Thermo Fisher Scientific, Inc. Images were developed using ECL reagent (cat. no. 32109; Thermo Fisher Scientific, Inc.) with Amersham Imager 600 (GE Healthcare). All immunoblots were repeated thrice, and the band densities were quantitated by ImageJ V1.51 software (National Institutes of Health).

### Cell viability assay using MTT dye

Cells were plated in 96-well plates at a density of 5×10^3^ cells/well in 90 µl of complete medium. After one and five days of incubation, 10 µl of 5 mg/ml MTT (Sigma-Aldrich; Merck KGaA) was added to the cells and further incubated for 4 h. The supernatants were discarded, 100 µl of DMSO was added per well, and the crystals were dissolved by agitating for 5 min. The absorbance value was measured by a microplate reader at 570 nm. The relative fold change of absorbance between PS/GAS6-overexpressing cells compared with control cells that contained the empty vector was calculated for the subsequent days, with the day 1 absorbance value as the baseline. At least three independent experiments were performed. For experiments involving drug treatments, UNC2025 (MedChemExpress) was added to cells at variable concentrations alongside a similar volume of vehicle control. Treatment was performed 8 h after cell seeding and readings were obtained on days 1, 3, and 5.

### Cell proliferation assay using crystal violet

To assess the aggressiveness of single cells with differing genotypes to grow into a colony, PANC-1 and MIA PaCa-2 cells (EV control, PS-overexpressing, GAS6-overexpressing) were plated at a low density (1,000 cells/well) in 6-well plates and allowed to generate single colonies for 14 days. The medium was replenished every three days. The colonies were washed twice in PBS and stained with 0.5% (v/v) crystal violet for 20 min at room temperature as previously described ([@b34-or-44-04-1322]). The plates were imaged under white light with Amersham Imager 600 and colonies with a minimum of 50 cells in each, were compared using Clono-Counter software ([@b35-or-44-04-1322]).

### Statistical analysis

Data from PS, Gas6 or Gas6 shRNA or overexpressing cells were compared against an empty vector or a scramble shRNA vector control. The test group data were analyzed against the control group using one-way ANOVA. A Bonferroni correction was applied to the P-values obtained from ANOVA to control for multiple comparisons, and this was performed separately for each of the two cell lines PANC-1 and MIA PaCa-2. The data for the colony formation, MTT assays were expressed as the mean ± standard deviation (SD) and error bars in the figures represent the SD. Statistical analysis was performed using GraphPad Prism 7 software (GraphPad Software, Inc.). P-values of \<0.05 were considered to indicate a statistically significant difference.

Results
=======

### PS/GAS6 ratio is directly associated with the aggressiveness of pancreatic cancer cell lines

Since the selected cell lines were similar in origin, it was investigated whether cell growth rate was related to the basal levels of PS and GAS6. MIA PaCa-2, PANC-1, and BXPC-3 with population doubling times of 40, 52 and 72 h respectively (per information from ATCC) were used. The basal levels of the three TAM receptors were relatively uniform among the three cell lines, i.e., less than 5% difference in the expression level ([Fig. 1A](#f1-or-44-04-1322){ref-type="fig"}). Notably, although PANC-1 cells, with an intermediate degree of aggressiveness, had a PS/GAS6 ratio of 1, MIA PaCa-2 cells had a significantly lower PS/GAS6 ratio (2.183:5.588) (indicating that the most aggressive cell line had more Gas6) and BXPC-3 cells, the least aggressive cell line, had a markedly higher PS/GAS6 ratio (12.817:2.151) ([Fig. 1B](#f1-or-44-04-1322){ref-type="fig"}). These data associated the degree of aggressiveness of the cell lines to the PS/GAS6 ratio, and the data revealed that a lower PS/GAS6 ratio was associated with increased proliferative potential, whereas a higher ratio was associated with decreased proliferative ability.

### PS overexpression reduces the survival and proliferation of PANC-1 and MIA PaCa-2 cells

Since the relative levels of PS and GAS6 were associated with the aggressiveness of pancreatic cancer cell lines, the PS/GAS6 ratios were altered to confirm their importance in determining proliferative potential. The expression of apoptotic/survival markers of PANC-1 and MIA PaCa-2 cells stably overexpressing PS was first assessed by immunoblotting and was compared with the corresponding EV control cells. Subsequently these data were associated with the aggressiveness of cell growth and proliferation rate. In both cell lines, overexpression of PS was associated with increased expression of the apoptotic marker phospho-p53 and decreased expression of the survival marker HSP27 (25 and 15% reduction in immunoblot band intensities for PANC-1 and MIA PaCa-2 cells, respectively; [Fig. 2A](#f2-or-44-04-1322){ref-type="fig"}). PS overexpression increased apoptosis ([Fig. 2D](#f2-or-44-04-1322){ref-type="fig"}) and caused a decrease in the survival of both cell lines, as assessed by the MTT assay ([Fig. 2B](#f2-or-44-04-1322){ref-type="fig"}). PS-overexpressing PANC-1 and MIA PaCa-2 cells exhibited 0.5-fold and 0.8-fold reductions in cell survival on Day 5 compared with the corresponding EV control cells (relative absorbance of the EV control was normalized to 1 and the data is not presented in the figure). PANC-1 cells exhibited a 0.9-fold reduction in cell survival on day 1; however, MIA PaCa-2 cells did not exhibit any decrease but a significant increase in the number of cells on day 1. For both cell lines, this further resulted in a decreased number of colonies being formed during a 14-day period, compared with the EV control cells ([Fig. 2C](#f2-or-44-04-1322){ref-type="fig"}); PS overexpression had no significant effect on endogenous Gas6 expression (data not shown). The difference in aggressiveness in the growth rates of PANC-1 and MIA PaCa-2 was clearly evident. MIA PaCa-2 cells formed 808/438 (EV control/PS-overexpressing) colonies compared with 492/251 (EV control/PS-overexpressing) colonies for PANC-1 cells. The data are an average of the number of colonies calculated from three independent experiments.

To further confirm that PS overexpression caused an increase in apoptosis of pancreatic cells, flow cytometric data was generated using Annexin V/7-Aminoactinomycin D (7AAD) staining. Despite the considerable difference in the aggressiveness in growth between the two cell lines, PS overexpression resulted in increased Annexin binding for both cell lines. For example, 82±0.43% control PANC-1 cells were double negative for Annexin V and 7AAD, 13±0.37% were Annexin V-positive, 1.28±0.06% were 7AAD positive, and 3.06±0.32 were double positive. PANC1 cells that overexpressed PS were 77.33±0.47 double negative, 18±0.53% Annexin V-positive, 1.24±0.16 7AAD-positive, and 3.34±0.11% double positive ([Fig. 2D](#f2-or-44-04-1322){ref-type="fig"}). Conversely, MIA PaCa-2 cells transfected with control vector were 84.4±0.4% double negative, 12.3±0.67% Annexin V-positive, 0.8±0.17% 7AAD-positive, and 2.3±0.25% double positive. MIA PaCa-2 cells overexpressing PS were 72.79±1.48% double negative, 23.35±1.3% Annexin V-positive, 0.57±0.13% 7AAD-positive, and 3.2±0.33% double positive. Therefore, the flow cytometric data ([Fig. 2D](#f2-or-44-04-1322){ref-type="fig"}) revealed that overexpression of PS in PANC-1 increased the apoptotic population of cells by 5%, whereas overexpression of PS in MIA PaCa-2 cells increased the apoptotic population by 13%. The difference in the effect of PS overexpression in PANC-1 compared to MIA PaCa-2 may be attributed to the difference in the basal level of endogenous PS in the cells.

### GAS6 overexpression enhances the survival and proliferation of PANC-1 and MIA PaCa-2 cells

GAS6 has been reported to promote prostate cancer cell survival by inhibition of apoptotic pathways ([@b36-or-44-04-1322]). It was investigated whether this phenomenon occurred in pancreatic cancer cells. The comparative analysis of molecular markers revealed that stable overexpression of GAS6 was associated with reduced signaling in apoptotic phosphorylated (p)-p53 marker and enhanced survival signaling in HSP27 compared with the EV control cells ([Fig. 3A](#f3-or-44-04-1322){ref-type="fig"}). The direct effect of GAS6-mediated apoptotic inhibition was pronounced in PANC-1 cells, in which GAS6 overexpression caused \~2.7-fold increase in relative MTT assay absorbance on Day 5 compared with the EV control cells (relative absorbance of the EV control was normalized to 1 and the data is not presented in the figure), whereas in MIA PaCa-2 cells, the increase was \~1.7-fold ([Fig. 3B](#f3-or-44-04-1322){ref-type="fig"}). Furthermore, the number of colonies formed by both cell types was higher in GAS6-overexpressing cells compared with the EV control cells ([Fig. 3C](#f3-or-44-04-1322){ref-type="fig"}). MIA PaCa-2 cells formed 689/977 (EV control/GAS6-overexpressing) colonies compared with 249/563 (EV control/GAS6-overexpressing) colonies for the PANC-1 cells. Exogenous overexpression of Gas6 had no significant effect on the endogenous PS level (data not shown).

### GAS6 knockdown reduces the survival and proliferation of PANC-1 and MIA PaCa-2 cells

Since GAS6 overexpression was associated with increased survival, it was anticipated that knockdown of GAS6 would reduce growth and proliferation ([@b37-or-44-04-1322]). This was confirmed from the expression profiles of the apoptotic/survival markers, in which p-p53 levels were reduced in GAS6-knockdown clones compared with the EV control clones ([Fig. 4A](#f4-or-44-04-1322){ref-type="fig"}). The reduced HSP27 signal in the knockdown clones indicated an induction in apoptosis over survival, which, consequently, resulted in a decrease in the relative change of MTT assay absorbance on Day 5 in PANC-1 and MIA PaCa-2 cells compared with the EV control cells (relative absorbance of the EV control was normalized to 1 and the data is not presented in the figure) ([Fig. 4B](#f4-or-44-04-1322){ref-type="fig"}). Colony formation assays revealed a consistent, significantly higher number of colonies, 337 of PANC-1 EV control cells compared with their respective GAS6-knockdown clones, which produced 170 colonies ([Fig. 4C](#f4-or-44-04-1322){ref-type="fig"}). Conversely, MIA PaCa-2 cells produced an average of 661 colonies for EV control clones compared with 291 colonies for the GAS6-knockdown clones.

### PS overexpression produces effects similar to the Mer-inhibitor UNC2025 in PANC1 and MIA PaCa-2 cells

PS is an important ligand for MER *in vivo*; Mer overexpression in cancerous cells has been revealed to activate survival and proliferative signaling pathways ([@b38-or-44-04-1322],[@b39-or-44-04-1322]). Consequently, Mer is a significant target for therapeutic manipulation. A Mer-specific small molecule inhibitor, UNC2025, was used as a potential agent for treatment of glioblastoma ([@b40-or-44-04-1322],[@b41-or-44-04-1322]). To determine whether UNC2025 initiated an apoptotic response, a dose-dependent assay using UNC2025 was performed and it was observed that 75 nM was an optimal concentration (data not shown). Therefore, 75 nM was applied to PANC-1 and MIA PaCa-2 EV control cells. An MTT assay revealed a marked reduction in cell survival for the drug-treated cells ([Fig. 5A](#f5-or-44-04-1322){ref-type="fig"}). The differences in relative fold change of absorbance for PANC-1 and MIA PaCa-2 cells subjected to drug treatment compared with cells that received vehicle control were \~0.3-fold and \~0.5-fold, respectively, during the five days of treatment. However, this assay did not distinguish whether apoptosis following inhibition of Mer receptor signaling was due to the absence of interaction by either GAS6, PS, or both ([@b12-or-44-04-1322],[@b16-or-44-04-1322]). Thus, once the anti-proliferative effect of the drug was established, the effect of drug-induced apoptotic signaling and the natural apoptosis signaling initiated by PS overexpression in the pancreatic cancer cell lines was compared. A 0.69-fold relative change of absorbance was observed following UNC2025 treatment in PANC-1 GAS6-knockdown cells ([Fig. 5B](#f5-or-44-04-1322){ref-type="fig"}). This change was comparable to the PANC-1 PS overexpression clones that exhibited a 0.67-fold relative change of absorbance following treatment with the vehicle control. Further treatment with UNC2025 further decreased this change to 0.56-fold in the PS-overexpressing clones. MIA PaCa-2 GAS6-knockdown cells exhibited a milder, 0.59-fold relative change of absorbance following UNC2025 treatment compared with the MIA PaCa-2 PS overexpression clones that exhibited 0.64-fold relative change of absorbance when treated with the vehicle ([Fig. 5C](#f5-or-44-04-1322){ref-type="fig"}). However, the 0.65-fold relative change of absorbance following UNC2025 treatment of MIA PaCa-2 EV control cells was exactly the same as that of PS-overexpressing clones under vehicle treatment, with UNC2025 further decreasing the change to 0.49-fold.

A colony formation assay was used to assess the long-term efficacy of this PS-mediated decrease of cell proliferation. PS-overexpressing PANC-1 and MIA PaCa-2 cells were plated alongside the corresponding EV control cells and GAS6-overexpressing cells, each receiving either 75 nM UNC2025 or vehicle control. PS overexpression clones without drug treatment had decreased cell proliferation and colony formation to extents comparable to those of EV control cells and GAS6-overexpressing clones treated with the drug ([Fig. 5D](#f5-or-44-04-1322){ref-type="fig"}). These results provided conclusive evidence that PS overexpression achieves the same effect as that of the Mer-inhibitory drug UNC2025 in arresting cell proliferation. As elucidated in [Fig. 6](#f6-or-44-04-1322){ref-type="fig"}, it was confirmed that the PS/GAS6 ratio is crucial in terms of TAM receptor signaling, and a change in this ratio can drive cancer cells toward proliferation (GAS6 overexpression) or growth arrest (PS overexpression/GAS6 knockdown).

Discussion
==========

PS is a natural anticoagulant, whose plasma concentration is reportedly reduced during the progression of PDAC ([@b23-or-44-04-1322]). However, its properties as a signaling molecule in the context of cancer progression and cellular aggressiveness have not been studied in-depth. In the present study, two PDAC cell lines with variable degrees of aggressiveness in growth were used. The expression levels of the individual TAM receptors exhibited less than 1-fold variation between the cell lines, whereas PS and GAS6 levels were significantly different. With the PS and GAS6 levels of the moderately aggressive cell line PANC-1 as a baseline, a higher GAS6 level was associated with the highly aggressive cell line MIA PaCa-2, whereas significantly higher PS levels were exhibited by the least aggressive BxPC-3 cell line. To associate PS and GAS6 signaling to a specific phenotype in the proliferative potential of cells, overexpression studies on PANC-1 and MIA-PaCa-2 cells were performed. Immunoblot analysis further revealed enhanced expression of the apoptotic marker p-p53 and reduced expression of the survival marker protein HSP27. Using MTT and colony formation assays, both the short-term and the long-term pro-apoptotic effects of PS overexpression were confirmed. These assays confirmed that PS and GAS6 play vital roles in regulating the aggressiveness of pancreatic cancer cell lines; however, the present study has a limitation in elucidating the roles of PS and GAS-6 in the motility of PANC-1 and MIA-PaCa-2. In general, aggressiveness of a cell line is assessed by invasion and migration assays; however, aggressiveness is also described in terms of cell doubling time and thereby, we did not perform invasion or migration assays. We studied the ability of the cell doubling time by colony formation assay.

GAS6 overexpression was achieved by lentiviral transduction using a LeGo-iG2-Puro plasmid containing the GAS6 gene. Overexpression of PS increased Annexin V binding compared with the basal Annexin V of control cells. Similar results were observed for MIA PaCa-2 cells. PS overexpression increased Annexin V staining compared with cells carrying the control vector. Once verified, PANC-1 and MIA PaCa-2 cells overexpressing GAS6 were subjected to the same assays. The upregulation of survival protein HSP27 was associated with an increased relative fold change of absorbance as assessed by MTT assay, and the increased cell number exhibited a proliferative phenotype caused by GAS6 overexpression. GAS6 knockdown produced the opposite effect and the trend was pro-apoptotic, similar to the effect of PS-overexpression. Both plasmids (GAS6 overexpression/knockdown) have been used successfully for lentivirus-mediated transduction, and the methods were adhered to without any modification ([@b42-or-44-04-1322]). By blocking the Mer receptor, the drug UNC2025 effectively inhibited any downstream signaling that results from GAS6-Mer and PS-Mer interaction. The present MTT results revealed a growth inhibitory effect of UNC2025 on PANC-1 and MIA PaCa-2 cells. The efficacy of the PS-overexpression, however, was comparable to the drug action. Thus, the present study confirmed that overexpression of PS from a plasmid effectively decreased aggressiveness of tumor cells, a phenomenon that could be exploited to circumvent the side effects of drug-mediated blocking of TAM receptors.

Globally, cancer-associated thrombosis (CAT) is a significant risk factor in cancer treatment and therapy, but little is known about its mechanistic basis ([@b43-or-44-04-1322]--[@b45-or-44-04-1322]). Iodice *et al* examined a number of population studies and inferred that patients with VTE have a six-fold higher risk of developing pancreatic cancer than the general population ([@b46-or-44-04-1322]). As reviewed by Sohail and Saif, multiple events can result in hypercoagulability in pancreatic cancer ([@b47-or-44-04-1322]). Such events include retroperitoneal location of tumors, tumor specific increase in procoagulant factors (tissue factor, thrombin and fibrin), and decreases in anticoagulants such as APC, TFPI, and PS. Initially identified as a cofactor of APC ([@b48-or-44-04-1322],[@b49-or-44-04-1322]), PS was later found to mediate an APC-independent anticoagulant function as a cofactor of TFPI ([@b2-or-44-04-1322],[@b50-or-44-04-1322]). Recently, we demonstrated a more direct function of PS in the coagulation cascade, whereby PS directly binds to activated Factor IX in an APC-independent manner and inhibits the formation of the intrinsic tenase complex required for thrombus formation ([@b51-or-44-04-1322],[@b52-or-44-04-1322]). Incidentally, patients with heterozygous PS-deficiency exhibited an increased risk of VTE ([@b53-or-44-04-1322]). An initial screening of the players in the coagulation pathway revealed an interesting participant in PS, a well-known anticoagulant with diverse functions, including serving as a signaling molecule ([@b7-or-44-04-1322],[@b43-or-44-04-1322]).

PS and GAS6 are TAM receptor family ligands ([@b54-or-44-04-1322],[@b55-or-44-04-1322]), with variable affinities for the individual receptors ([@b56-or-44-04-1322]). The expression levels of the TAM receptors vary across cell and tissue type and are generally upregulated in tumors ([@b57-or-44-04-1322]). As a result, the downstream effects of TAM signaling, such as proliferation, efferocytosis, and anti-inflammatory activity, become dysregulated ([@b39-or-44-04-1322],[@b58-or-44-04-1322]--[@b60-or-44-04-1322]). The overexpression of GAS6 and Axl has been reported in pancreatic cancer, both *in vitro* and *in vivo* ([@b61-or-44-04-1322]--[@b63-or-44-04-1322]). Shen *et al* have extensively elucidated the scope of targeting TAM receptors for designing drugs intended to inhibit cancer progression ([@b64-or-44-04-1322]). They reported that, despite considerable effort, application of TAM-inhibitory drugs has had minimal success. The pathological complexity of cancer and the global output of TAM-dependent signaling pathways are significant obstacles for use of these drugs because they cause severe side effects and are associated with drug resistance. A screening of the common anticoagulants during the progression of PDAC in a group of patients revealed an increase in the plasma level of TFPI, whereas the level of free PS exhibited a statistically significant decrease ([@b23-or-44-04-1322]). A similar association of decreased PS and increased GAS6 levels has been reported in patients with systemic lupus erythromatosus, resulting in widespread autoimmune disorders mediated by an imbalance in TAM signaling ([@b65-or-44-04-1322],[@b66-or-44-04-1322]).

The main goal of the present study was to demonstrate that overexpressing PS could be a strategy for reducing aggressiveness of PDAC without targeting essential TAM receptor signaling pathways. Thrombotic complications and hypercoagulopathies are commonly associated with the progression of PDAC. The amount of PS, a known anticoagulant, has been reported to decrease in patients during the progression of PDAC, possibly contributing to the hypercoagulopathies. PS has also been identified as an important signaling molecule that binds a family of tyrosine kinase receptors known as TAM receptors, thereby triggering multiple downstream functions, such as cell survival, proliferation, efferocytosis, and apoptosis. However, the properties of PS as a signaling molecule in the context of cancer progression and cellular aggressiveness have not been studied adequately. In the present study, it was demonstrated that PS-TAM interaction produced a pro-apoptotic effect, whereas GAS6-mediated TAM signaling promoted proliferation and survival in select PDAC cell lines. Both long-term and short-term effects of natural PS overexpression were comparable with treatment of the cell lines with UNC2025, a drug that inhibits the Mer-receptor. We intend to study the thrombotic effects of PS in pancreatic cancer in the near future.

The physiological importance of the present study lies in the fact that a drug action was emulated by overexpressing PS, a natural protein that is already reduced in pancreatic cancer and whose deficiency is strongly associated with the severe thrombotic complications that are synchronous with PDAC progression. The present study can provide the basis for developing newer strategies of PDAC treatment and concurrently improving the quality of life of patients with cancer-associated thrombosis.
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PS

:   protein S

GAS6

:   growth arrest specific protein 6

PDAC

:   pancreatic ductal adenocarcinoma

TAM

:   Tyro3, Axl and Mer

![Relative base level expression of TAM receptors and ligands PS and GAS6 in PANC-1, MIA PaCa-2 and BXPC-3 cell lines. (A) Relative expression of individual TAM receptors \[Axl (purple), Mer (blue), and Tyro3 (grey)\]. (B) Relative ratio of PS (green) to the levels of GAS6 (red). PS, protein S; GAS6, growth arrest specific 6.](OR-44-04-1322-g00){#f1-or-44-04-1322}

![Induction of apoptosis to decrease survival by PS overexpression in PANC-1 and MIA PaCa-2 cells. (A) Immunoblot revealing the effect of PS overexpression on pro-apoptotic (p-p53), Total p53 (TP53) and survival (HSP27) markers. (B) Relative fold change of absorbance assessed with respect to EV control cells at 570 nm as a result of PS overexpression in PANC-1 (black) and MIA PaCa-2 (grey) (relative absorbance of the EV control was normalized to 1 and the data is not presented in the figure). (C) Comparison of the number of colonies formed between EV control cells and PS-overexpression clones of PANC-1 (black) and MIA PaCa-2 (grey). (D) Upper panel is the comparison of Annexin V/7-AAD staining in the vector control vs. PS-overexpressing MIA PaCa-2 cells. Lower panel demonstrating Annexin V/7-AAD staining in the vector control vs. PS-overexpressing PANC-1 cells. Each experiment was repeated three times and the statistical significance is denoted by \*P\<0.05 and \*\*P\<0.01. PS, protein S; GAS6, growth arrest specific 6.](OR-44-04-1322-g01){#f2-or-44-04-1322}

![Decrease of apoptosis to enhance survival by GAS6 overexpression in PANC-1 and MIA PaCa-2 cells. (A) Immunoblot revealing the effect of GAS6 overexpression on pro-apoptotic (p-p53), Total p53 (TP53) and survival (HSP27) markers. (B) Relative fold change of absorbance measured with respect to EV control cells at 570 nm as a result of GAS6 overexpression in PANC-1 (black) and MIA PaCa-2 (grey) cells (relative absorbance of the EV control was normalized to 1 and the data is not presented in the figure). (C) Comparison of the number of colonies formed between EV control clones and GAS6-overexpression clones of PANC-1 (black) and MIA PaCa-2 (grey) cells. Each experiment was repeated three times and the statistical significance is indicated by \*P\<0.05 and \*\*P\<0.01. GAS6, growth arrest specific 6; PS, protein S.](OR-44-04-1322-g02){#f3-or-44-04-1322}

![Induction of apoptosis to decrease survival mediated by GAS6-knockdown in PANC-1 and MIA PaCa-2 cells. (A) Immunoblot revealing the effect of GAS6-knockdown on pro-apoptotic (p-p53), Total P53 (TP53) and survival (HSP27) markers. (B) Relative fold change of absorbance measured with respect to EV control cells at 570 nm as a result of GAS6 knockdown in PANC-1 (black) and MIA PaCa-2 (grey) cells (relative absorbance of the EV control was normalized to 1 and the data is not presented in the figure). (C) Comparison of the number of colonies formed between the EV control and GAS6-knockdown clones of PANC-1 (black) and MIA PaCa-2 (grey) cells. Each experiment was repeated three times and the statistical significance is indicated by \*\*P\<0.01 and \*\*\*P\<0.001. GAS6, growth arrest specific 6.](OR-44-04-1322-g03){#f4-or-44-04-1322}

![Comparison of PS-overexpression against UNC2025 treatment in PANC-1 and MIA PaCa-2 cells. (A) The effect of UNC2025 treatment (75 nM) on the relative fold change of absorbance measured at 570 nm on day 5 performed on PANC-1 (black) and MIA PaCa-2 (grey) EV control cells. (B) Comparison of the relative fold change of absorbance measured at 570 nm on day 5 as a result of UNC2025 treatment performed on PANC-1 cell types (EV control, GAS6-knockdown clone and PS-overexpression clone). (C) Comparison of the relative fold change of absorbance measured at 570 nm on day 5 as a result of UNC2025 treatment performed on MIA PaCa-2 cell types (EV control, GAS6-knockdown clone and PS-overexpression clone). (D) Comparison of colonies of cells formed as a result of UNC2025 treatment performed on EV control clones, GAS6-knockdown clones and PS-overexpression clones of PANC-1 and MIA PaCa-2 cells. Each experiment was repeated three times and the statistical significance is indicated by \*P\<0.05 and \*\*P\<0.01. PS, protein S; GAS6, growth arrest specific 6.](OR-44-04-1322-g04){#f5-or-44-04-1322}

![Schematic revealing that PS-overexpression favors the apoptotic phenotype, the long-term benefits of which can potentially surpass the side-effects of TAM-targeting drugs. PS, protein S; GAS6, growth arrest specific 6.](OR-44-04-1322-g05){#f6-or-44-04-1322}
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